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The studies regarding decolorization of dyes by laccase may not only inform about the possible application of this enzyme for
environmental purposes, but also may provide important information about its reaction mechanism and the inﬂuence of several
factors that could be involved. In this paper, decolorization of crystal violet and phenol red was carried out with diﬀerent fractions
of extracellular liquids from Trametes versicolor cultures, in order to describe the role of laccase in this reaction. Moreover, the
possible role of the low molecular weight metabolites (LMWMs) also produced by the fungus was evaluated. The results conﬁrm
the existence of a nonenzymatic decolorization factor, since the nonprotein fraction of the extracellular liquids from cultures of
T. versicolor has shown decolorization capability. Several experiments were performed in order to identify the main compounds
related to this ability, which are probably low molecular weight peroxide compounds.
1.Introduction
Laccases (EC 1.10.3.2) are multicopper oxidases mainly in-
volved in phenolics oxidation. Actually they can not only ca-
talyze mono-, di-, and polyphenols, but also aminophenols
and methoxyphenols, even aromatic amines and ascorbate.
Moreover,thecombinationoflaccaseswithseverallowmole-
cular weight substrates (mediators) may lead to an increase
of the oxidation power of the enzyme and, in addition, the
range of substrates that could be oxidized [1, 2].
Laccases are mainly produced by wood rooting fungi,
although several bacteria, insects, and plants can also pro-
duce them. The most known and interesting fungal lacca-
ses are the extracellular ones due to the high production
achieved and the easy recovery. The versatility and activity of
extracellular fungal laccases have enabled to undertake many
studies regarding their possible industrial applications such
as potential bioremediation agents for organic pollutants,
biosensors,biobleachingofpaperpulp,organicsynthesisand
many others [3, 4]. Among them, one of the most explored
subjects is their capability for dye decolorization [5–7]. Dyes,
chemical compounds mainly used in textile industry, are
usually organic compounds belonging to several families of
chemicals depending on their chemical structure (azo,
phthalocyanine, sulphur, nitro, antraquinone, etc.) or the
way of application (acid, mordant, reactive, direct, disperse,
etc.). The diverse composition of dyes usually produces
recalcitrant textile eﬄuents with two key characteristics:
toxicity and color. The toxicity of textile eﬄuents depends
on the chemical structure of dyes and is usually high at low
dye concentrations, while color of textile wastewater is due
to the chromophoric groups of dyes. This color modiﬁes
the physical properties of the water bodies and may cause
alterations on their ecological equilibrium.
In the last years, dye decolorization by laccases has been
proposed as a possible treatment of textile wastewater due
to their oxidation power and relative unspeciﬁcity, which
allows to oxidize diﬀerent chemical structures [8]. Moreover,
the decolorization studies have also been proposed as model
studies to investigate the potential degrading capability of
this enzyme or even of several fungal strains [9–11]. As it was
mentioned above, dyes have similar chemical structures than
other pollutants, but their degradation can be easily moni-
toredbymeansofcolorationdecreaseoftheanalyzedsystem.
This idea was used for several authors for searching fungal
strains with potential ability of pollutants degradation, by2 The Scientiﬁc World Journal
means of analyzing the decolorization of model dyes in petri
dish cultures, where the decolorization is evident when it
takes place [12]. On the other hand, decolorization with
laccase in vitro, in absence of biomass, was also performed as
an indicator of the degrading potential of this enzyme, even
some correlation experiments between decolorization capa-
bility and degradation of polycyclic aromatic hydrocarbons
could be found in the bibliography [9].
In this paper, laccase produced by Trametes versicolor was
selected in order to test the decolorization of two chemically
diﬀerent dyes. The decolorization study was carried out in
presence and absence of the low molecular weight meta-
bolites (LMWMs) produced by the fungus, in order to de-
termine their role in the enzymatic dye decolorization.
In addition, taking into account that lignocellulosic waste
sources are well-known inductors of laccase production and
may also modify the composition of the extracellular liquid
produced by the fungus, where laccase and the LMWM
are present, several experiments with diﬀerent fractions of
extracellular liquids from T. versicolor cultures in presence of
diﬀerentlignocellulosicresidueswereperformedandtherole
of enzymatic and nonenzymatic factors in the decolorization
of the selected dyes is discussed.
2.MaterialandMethods
2.1.LaccaseProductioninLiquidMedium. ThefungusTram-
etes versicolor CBS 100.29 (CECT 20148) was maintained in
petri dishes cultures at 4◦C with a basic culture medium
composed of (per l): 20g glucose, 15g agar-agar, 2g malt
extract,5gpeptone,1gKH 2PO4,a n d0 . 5gM g S O 4·5H2O.
One plug of 5mm diameter from this maintenance cultures
was used to grow the fungus in fresh petri dishes with a simi-
lar culture medium (10g/L glucose, 15g/L agar-agar, and
3.5g/L malt extract). After 10 days of growing at 37◦C, 3
plugs of 5mm diameter were removed from the petri dish-
es and used to inoculate the liquid medium based on that
described by Tien and Kirk [13] and consisting of (per
l): 10g glucose, 0.2g ammonium tartrate, 0.2L of sod-
ium acetate/acetic acid buﬀer 0.1M pH 4.5, 5mL Tween
80, 142mg nitrilotriacetate, 1.46g MgSO4·7H2O, 40 mg
MnSO4·3H2O, 70mg NaCl, 7mg FeSO4·7H2O, 13 mg
CoCl2·6H2O, 132mg CaCl2·2H2O, 7 mg ZnSO4·7H2O,
11mg CuSO4·5H2O, 1mg AlK(SO4)2·12H2O, 1 mg H3BO4,
Na2MoO4·2H2O, 2 g KH2PO4, and 0.1mg thiamine-HCl.
Fernbach ﬂasks of 1.8L were used to carry out the cultures
with 100mL of the described liquid medium. The cultures
were incubated at 30◦C in static condition for 10 days. In
addition 0.3mM 2,5-xylidine was added as laccase produc-
tion inducer.
After culture, the liquid was consecutively ﬁltered by 0.45
and 0.2μm to remove biomass. Then several fractions of this
extracellular liquid were obtained as explained later in this
section.
2.2. Laccase Production with Lignocellulosic Residues. Several
lignocellulosicresidueswereemployedasinducersforlaccase
production in T. versicolor cultures:
(i) wheat straw, provided by San Martin S.A. (Ourense,
Spain), was cut for obtaining pieces of 7mm as aver-
age;
(ii) corn cobs, provided by local producers, were cut,
sieved, and the particles of 7mm diameter were
selected;
(iii) grape stalks and grape seeds, provided by Bodega
Vilari˜ no (Cambados, Spain). The grape stalks were
cut to 7mm pieces, while the grape seeds did not
suﬀer any physical modiﬁcation.
All the lignocellulosic residues were washed with tap and
distilled water, then dried at 60◦C and sterilized in an
autoclave (121◦Cf o r2 0m i n u t e s )b e f o r eu s e .
Thecultureswereperformedin250mLerlenmeyerﬂasks
with enough solid substrate to cover the bottom surface of
the ﬂasks. 100mL of liquid medium, prepared as previously
commented, were added and the incubation was performed
in a shaker in dark conditions, at 30◦C and 150rpm.
After25daysofculture,theliquidmediumwasrecovered
and three enzyme fractions were used on decolorization
experiments: extracellular liquid (EL), enzymatic crude
(EC), and ultraﬁltration residue (UR). They were obtained
as follows:
EL: it is the culture medium after consecutive ﬁltra-
tion by 0.45 and 0.2μm;
EC: aliquots of EL were ultraﬁltered with a mem-
brane of 10KDa molecular cutoﬀ. The protein con-
centrate obtained was then dialyzed with a 10KDa
membrane in acetate buﬀer (10mM pH 5);
UR: ultraﬁltration residue generated in the ultraﬁl-
trationprocess,whichcontainedthenonproteinfrac-
tion of EL and consisting of LMWM with molecular
mass lower than 10KDa.
A summary of the production of the enzyme fractions is
presented in Figure 1.
2.3. Laccase Activity Analysis. Laccase activity was deter-
mined spectrophotometrically by following the oxidation
of2,2 -azinobis(3-ethylbenzothiazoline-6-sulfonate)(ABTS)
at 436nm (ε = 29300M−1cm−1). Assay mixture of 1.5mL
contained: 25mM succinic acid, 5mM ABTS, and 200μL
of sample. One unit of laccase activity was deﬁned as the
amount of enzyme required to oxidize 1μmol of ABTS per
minute at the analysis conditions: 23◦C and pH 3.
2.4. Decolorization Studies. Two structurally diﬀerent dyes
were studied: phenol red (PR) and cristal violet (CV).
Their decolorization was carried out in a mixture of 2.5mL
consisting of 75μMP Ro r1 5μMC V ,1 0m Ma c e t a t eb u ﬀer
(pH 4.5) and the amount of enzyme fraction required to
attain1U/mLofﬁnallaccaseactivityinthereactionmixture.
When UR was used as the enzyme fraction, same volume
of the original EL was employed. The decolorization was
carried out at 30◦C in dark condition and analyzed by mon-
itoring the absorbance spectrum of both dyes (350–600nmThe Scientiﬁc World Journal 3
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Figure 1: Experimental ﬂow chart of the production of the enzy-
matic fractions for accomplishment of decolorization assays: extra-
cellular liquid (EL), enzymatic crude (EC), and ultraﬁltration resi-
due (UR).
for PR and 400–650 for CV) with a Spectronic Unicam
spectrophotometer (model Helios Beta) for a maximum of
6 days. Assays were undertaken in triplicate with a resulting
standard deviation lower than 5%. Control experiments
without enzyme fraction were conducted in parallel.
2.5. Organic Acids Analysis. The organic acids content in
each EL of the cultures employed was analyzed by a Jasco
HPLC equipped with a UV detector and a Rezex column 10u
8% H (300 × 7.8mm), with isocratic elution and operation
at room temperature. The mobile phase consisted of 0.01M
H2SO4 w i t hﬂ o wr a t ea s0 . 5 m L / m i n .5 μLo fe a c hs a m p l e
were injected in the HPLC and detection was performed at
210nm. The organic acids analyzed by this method were
citric, oxalic, malonic, and acetic acid. Peak identity was
accomplished by retention time comparison of the pure
organic acids.
3. Results andDiscussion
3.1. Decolorization by Diﬀerent Laccase Fractions: Enzymatic
and LMWM Roles. The production of several metabolites
with oxidation power has been detected in previous works
[14, 15]. For this reason, the main aim of this study is to
determine the role of LMWM produced as possible oxidants
in the decolorization processes.
Three fractions (EL, EC, and UR) from T. versicolor cul-
tures carried out in liquid medium, as previously explained,
were tested in order to analyze the role of the enzyme and
LMWM in the decolorization of two structurally diﬀerent
dyes.
In Figure 2, the evolution of the visible absorption
spectrum of the CV dye, by the three laccase fractions,
is showed. It is noticeable that in the control experiment
without enzyme fraction did not achieve any decolorization
(data not shown). However, EL and EC showed similar
decolorization capability, although EL was more eﬀective
after one day of treatment. On the other hand, due to UR
fraction is the nonenzymatic fraction, the expected behavior
was similar to the proﬁle shown in control experiments,
however surprisingly decolorization was detected in these
experiments, whichcontainstheLMWMlowerthan10KDa.
This result shows that laccase is not the only oxidation
agent from the extracellular liquid of cultures of T. versicolor,
since LMWM in absence of enzymes can perform the decol-
orization of CV. Therefore, decolorization score performed
by the EL could be explained as an additive eﬀect of the
decolorization achieved by laccase and the LMWM.
Same experiments accomplished with PR as dye, instead
of CV, showed some diﬀerences (Figure 3), since when UR
was added any detectable modiﬁcation of the dye was de-
tected. Therefore, the presence of laccase is an essential fac-
tor for PR decolorization. However, EL presented a better
performance in PR decolorization than EC, suggesting that
the LMWM may be indirectly involved in enzymatic PR de-
colorization, possibly attaining the stabilization of the en-
zyme. This stabilization eﬀect of the LMWM has been previ-
ously described [16]. However, analyzing the decolorization
rate for the ﬁrst 2 hours of reaction, EL and EC experiments
showed a very diﬀerent decolorization rate, which suggest
another role of the LMWM.
Based on these results, two possible roles, besides the en-
zyme stabilization, could be assigned to LMWM: working as
mediators or dye oxidation capability. The former possibility
has been described for several authors [17, 18], while the
latter has been mentioned above in the case of CV decol-
orization by the UR fraction. The capability of dye oxidation
by the UR may be attained by two main mechanisms:
hydroxyl radicals and peroxides, since both may be produced
by wood rooting fungi. The hydroxyl radicals have a short
life-time to remain active after the process of UR fraction;
therefore the main factor in the dye decolorization capability
seems to be the presence of peroxides. Peroxides may oxidize
some chemical structures by themselves but they could also
promote oxidation by means of hydroxyl radicals formation
by the mechanism of Fenton reaction in presence of Fe2+.
Several authors have proposed the Fenton-like reactions
as an important nonenzymatic mechanism for degradation
of lignin, pollutants and dye decolorization by ligninolytic
fungi [19–21]. In order to verify this hypothesis new deco-
lorization tests were designed in presence of catalase.
Catalase has the ability to react with peroxides to pro-
duce water. Therefore, after a semiquantitative peroxide de-
termination with peroxide strips, catalase was added to the
decolorization test tubes in the necessary concentration to4 The Scientiﬁc World Journal
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Figure 2: Decolorization of CV by three enzyme fractions (EL: extracellular liquid; EC: enzymatic crude; UR: ultraﬁltration residue). Time
o fr e a c t i o n :0h( b l a c k ) ,0 . 5h( r e d ) ,2h( l i g h tg r e e n ) ,4 . 5h( y e l l o w ) ,1d( b l u e ) ,3d( v i o l e t ) ,6d( c y a n ) .
eliminate the peroxides from the UR and EL. The results
from these experiments (Table 1) showed not only the
absence of CV decolorization by the action of UR, but also
a higher rate of decolorization of EL in comparison with no
catalase addition. Similar results were obtained in the study
of PR dye, in which high decolorization values were detected
inexperimentscarriedoutwithELandcatalase,althoughthe
initial rate of decolorization was reduced.
Therefore, the presence of peroxides seems to be respon-
sibleofthedyeremovalcapabilityofUR,butadditionallythe
LMWM with inactivated peroxides can contribute to the dye
degradation, by means of their possible role as mediator or
by enzyme stabilization, as we previously hypothesized. An
increase of initial decolorization rate would suggest the pres-
ence of a mediator compound in the LMWM fraction. How-
ever, considering that this eﬀect was not clearly produced
after catalase addition and the decolorization level attained
after 1 day or more time was increased in comparison with
experiment without catalase, the enzymatic stabilization
hypothesis appears to be the most possible one. This result is
inagreementwiththestabilizationeﬀectofcatalaseobserved
with other ligninolytic enzymes [22]. Two completely diﬀer-
ent decolorization processes seems to coexist: decolorization
by peroxides with possible generation of radicals, and enzy-
matic decolorization. The latter can be aﬀected by the pero-
xides as these chemicals may inactivate the enzyme.
3.2. Decolorization with Several Laccase Sources: Potential
Decolorization by LMWM. Lignocellulosic materials com-
prise a broad range of wastes from agricultural, food, and
forest industry that can stimulate laccase production [23–
25]. Therefore, the interest of addition of these materials
is diverse: induction of laccase production, use of agricul-
ture residues (waste reduction and valorization), possible
reduction of chemicals in liquid medium and production of
extracellular liquid with diﬀerent composition. This latter
eﬀect has a great interest in decolorization studies, since
the modiﬁcation of the enzymatic and the nonenzymatic
composition (LMWM) of the extracellular liquids produced,
mayleadtodiﬀerentdecolorizationcapabilities.Inthisstudy,
the decolorization ability of several enzymatic fractions was
studied after production of laccase by culturing T. versicolor
in presence of diﬀerent lignocellulosic residues: corn cobs,
wheat straw, grape stalks and grape seeds. In Figure 4,
the decolorization proﬁles of CV and PR by action of ELThe Scientiﬁc World Journal 5
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Figure 3: Decolorization of PR by three enzyme fractions (EL: extracellular liquid; EC: enzymatic crude; UR: ultraﬁltration residue). Time
o fr e a c t i o n :0h( b l a c k ) ,0 . 5h( r e d ) ,2h( l i g h tg r e e n ) ,4 . 5h( y e l l o w ) ,1d( b l u e ) ,3d( v i o l e t ) ,6d( c y a n ) .
Table 1: Decolorization of crystal violet (CV) and phenol red (PR) with diﬀerent enzymatic fractions and addition of catalase in reaction
mixture.
Enzymatic fraction
Initial decolorization rate (ΔAbs/min) Decolorization (%) after 6 days
CV PR CV PR
Control 0.001 0.005 3 0
EL 0.242 0.101 93 67
EC 0.233 0.036 91 50
UR 0.017 0.000 42 0
EL + catalase 0.292 0.009 97 85
UR + catalase 0.000 0.000 12 0
from the cultures previously described are showed. In these
experiments, diﬀerent ELs with the same laccase activity
were used. The results obtained in these decolorization tests
showtheexpecteddiﬀerentdecolorizationcapabilityforeach
EL fraction. In the decolorization experiments of CV, most
of them improved the result obtained with the EL from
the culture without additive. However, in the experiments
performed with PR dye, the diﬀerences were not remarkable,
indicating that the diﬀerent composition of ELs has not a key
importance and that the enzyme is the main factor in the
decolorization reaction.
The decolorization capability of the several ELs could be
ordered as follows:
(i) CVdecolorization:grapestalks>wheatstraw=grape
seeds > no additive > corn cobs;
(ii) PRdecolorization:grapestalks =wheatstraw>grape
seeds > no additive > corn cobs.6 The Scientiﬁc World Journal
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Figure 4: Decolorization of CV (a) and PR (b) by extracellular liquid from cultures of T. versicolor performed with several lignocellulosic
residues: (maroon) control (noninoculated liquid medium), (orange) culture with no additive, (light green) corn cob, (dark green) wheat
straw, (teal) grape seeds, and (navy blue) grape stalks. Decolorization of CV and PR was followed by decrease in absorbance at 592 and
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Figure 5: Decolorization of CV dye with UR (nonprotein fraction
of extracellular liquid; MW < 10KDa) obtained after culture of T.
versicolor with several additives: • wheat straw,  grape stalks, and
 grape seeds.
To explain the previously mentioned diﬀerences, the decol-
orization capability of the protein and non-protein fractions
of each EL, that is, EC and UR, respectively, was tested
with CV dye. In these new experiments the corn cob EL
was discarded, due to the lack of positive results, and the
time of treatment was reduced to just one hour, considering
that the ﬁrst hour of reaction showed a high decolorization
rate compared with longer reactions times, especially for CV
decolorization; as an example, the decolorization of CV with
EL from grape seeds culture, attained 80% after 48 hours,
but 40% decolorization was determined after the ﬁrst hour
of reaction.
Therefore, UR from wheat straw, grape stalks, and grape
seedwastestedasdecolorizationagentofCVdye.Theresults
of these experiments showed that URs of the several cultures
were able to decolorize CV in diﬀerent extent depending
on the lignocellulosic residue employed in the culture
(Figure 5). The common aspect is that the main positive
decolorization eﬀect is produced in the moment of UR
addition tothe reaction mixture, and thenthe decolorization
is produced at a lower and constant rate for the rest of the
treatment.Someresultsshouldberemarked:URsformgrape
stalks and grape seeds achieved a decolorization degree of
32% and 23%, respectively, after just one hour of reaction.
This means that the oxidation potential of the nonprotein
fraction is considerable and may play an important role in
decolorization experiments depending on the dye used as
substrate, since CV is sensible to the LMWM whereas PR is
not clearly decolorized.
3.3. Eﬀect of Organic Acids in Decolorization. Ligninolytic
fungi usually secrete organic acids not only as a stabilization
agent of enzymes but also as a possible method to produce
radicals able to oxidize lignin in the very ﬁrst moments
of wood degradation. Some reports concerning the use
of fungal laccases for the bioconversion of simple organic
compounds into active compounds imply the suitability
of these enzymes as regioselective reagents [26]. Actually,
some roles of the organic acids have been described: Mn3+
stabilization after its production by manganese peroxidases
[27], avoiding compound III (inactive enzyme) formation
in lignin peroxidase redox cycle [28], hydroxyl radicals
generation from oxalate [29] or from malonate oxidation
by Mn3+ [30], electron source for Fe3+ reduction producing
superoxide radicals [31]. Therefore, the presence of organic
acids could explain the diﬀerence obtained by the several ELs
tested in this work and the URs decolorization capability.
The amount of organic acids produced by T. versicolor in the
several cultures performed is showed in Table 2. Oxalic acid
was the only organic acid that could be determined in a sig-
niﬁcant concentration. Culture performed with lignocellu-
losic residues showed a 10-fold concentration of this organicThe Scientiﬁc World Journal 7
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Figure 6: Decolorization of CV dye by laccase in presence of organic acids: malonic (a), oxalic (b), citric (c), and acetic (d) acids.
Table 2: Oxalic acid concentration of cultures of T. versicolor per-
formed with several lignocellulosic residues.
Culture Control Wheat
straw
Corn
cobs
Grape
seeds
Grape
stalks
Oxalic acid
(mM) 0.14 1.15 1.25 1.34 1.35
acid in comparison with the control culture carried out
withoutthem.Similarconcentrationshavebeendescribedby
other authors [31, 32]. It seems that no relationship between
oxalic acid concentration and decolorization potential of ELs
could be detected, since diﬀerent decolorization capability
was obtained but there is no important diﬀerence in oxalic
acid concentration. Nevertheless, the eﬀect of organic acids
in decolorization by laccase was studied in order to be able to
undoubtedly discard their possible role in this degradation
reaction.
In Figure 6, the main results of this study are presented.
As seen in Figure 6,theorganicacidstestedseemedtoinhibit
the decolorization of CV, even the decolorization inhibition
was increased when organic acid concentration was aug-
mented. Similar results were obtained for the four organic
acids tested, suggesting that the presence of organic acids
cannot explain neither the diﬀerent decolorization capability
oftheseveralELsproduced,neitherthenonenzymaticdecol-
orization of CV carried out by URs. After carrying out simi-
lar experiments with PR dye, a possible positive eﬀect was
observed for high organic acid concentrations (data not
shown). This result just could be interpreted as a possible
mediator eﬀect performed by the organic acids, but cannot
be related with the nonenzymatic decolorization capability,
sincePRwasnotseriouslydecolorizedbytheURs.Moreover,
this aforementioned possible mediator eﬀect was observed
at high acid organic concentrations (<10mM) that were not
detected in the ELs of T. versicolor cultures.
4. Conclusion
ThedecolorizationofPRandCVwascarriedoutwithseveral
enzymatic and nonenzymatic fractions from T. versicolor
cultures. These two dyes were diﬀerentially decolorized sug-
gesting the existence of enzymatic and nonenzymatic factors
in the degradation reaction, suggesting a limited oxidative
potentialofthenonenzymaticfactor.Amongthecompounds8 The Scientiﬁc World Journal
produced with molecular size lower than 10KDa are out-
standing the peroxides. The decolorization test with per-
oxides inhibition resulted in the disappearance of such
nonenzymatic factor. Moreover, extracellular liquids from
several cultures of T. versicolor in presence of lignocellulosic
residues presented diﬀerent decolorization ability as well.
The employment of such residues oﬀers several advantages
from both economic and environmental points of view, but
also as a method for producing extracellular liquids with
improved dye decolorization capacity, although these diﬀer-
ences are not due to the organic acids presented in the extra-
cellular liquids.
Acknowledgments
This work was funded by Ministry of Science and Innovation
and FEDER funds (Project CTQ2009-13651) and Xunta de
Galicia (Project 09TMT012E). D. Moldes and M. Fern´ andez-
Fern´ andez are grateful to Xunta de Galicia for an IPP and a
Mar´ ıa Barbeito contracts.
References
[1] P. Giardina, V. Faraco, C. Pezzella, A. Piscitelli, S. Vanhulle,
and G. Sannia, “Laccases: a never-ending story,” Cellular and
Molecular Life Sciences, vol. 67, no. 3, pp. 369–385, 2010.
[2] V. Madhavi and S. S. Lele, “Laccase: properties and applica-
tions,” BioResources, vol. 4, no. 4, pp. 1694–1717, 2009.
[3] D. Moldes, E. M. Cadena, and T. Vidal, “Biobleaching of euca-
lypt kraft pulp with a two laccase-mediator stages sequence,”
Bioresource Technology, vol. 101, no. 18, pp. 6924–6929, 2010.
[4] O. V. Morozova, G. P. Shumakovich, S. V. Shleev, and Y. I.
Yaropolov, “Laccase-mediator systems and their applications:
a review,” Applied Biochemistry and Microbiology, vol. 43, no.
5, pp. 523–535, 2007.
[5] T. Nitheranont, A. Watanabe, T. Suzuki, T. Katayama, and Y.
Asada, “Decolorization of synthetic dyes and biodegradation
of bisphenol a by laccase from the edible mushroom, grifola
frondosa,” Bioscience, Biotechnology and Biochemistry, vol. 75,
no. 9, pp. 1845–1847, 2011.
[6] E. Grassi, P. Scodeller, N. Filiel, R. Carballo, and L. Levin,
“Potential of Trametes trogii culture ﬂuids and its puriﬁed
laccase for the decolorization of diﬀerent types of recalcitrant
dyes without the addition of redox mediators,” International
Biodeterioration and Biodegradation, vol. 65, no. 4, pp. 635–
643, 2011.
[7] P. J. Strong and H. Claus, “Laccase: a review of its past and its
future in bioremediation,” Critical Reviews in Environmental
Science and Technology, vol. 41, no. 4, pp. 373–434, 2011.
[8] Q. Husain, “Potential applications of the oxidoreductive en-
zymes in the decolorization and detoxiﬁcation of textile and
other synthetic dyes from polluted water: a review,” Critical
Reviews in Biotechnology, vol. 26, no. 4, pp. 201–221, 2006.
[9] K. G. Wunch, T. Feibelman, and J. W. Bennett, “Screening
for fungi capable of removing benzo[a] pyrene in culture,”
AppliedMicrobiologyandBiotechnology,vol.47,no.5,pp.620–
624, 1997.
[10] Y. Yang, F. Ma, H. Yu et al., “Characterization of a laccase
gene from the white-rot fungi Trametes sp. 5930 isolated
from Shennongjia Nature Reserve in China and studying on
the capability of decolorization of diﬀerent synthetic dyes,”
Biochemical Engineering Journal, vol. 57, no. 1, pp. 13–22,
2011.
[11] T.Grinhut,T.M.Salame,Y.Chen,andY.Hadar,“Involvement
of ligninolytic enzymes and Fenton-like reaction in humic
acid degradation by Trametes sp.,” Applied Microbiology and
Biotechnology, vol. 91, no. 4, pp. 1131–1140, 2011.
[ 1 2 ]F .M .M u n a r i ,T .A .G a i o ,R .C a l l o n i ,a n dA .J .P .D i l l o n ,
“Decolorization of textile dyes by enzymatic extract and sub-
merged cultures of Pleurotus sajor-caju,” World Journal of Mic-
robiology and Biotechnology, vol. 24, no. 8, pp. 1383–1392,
2008.
[13] M. Tien and T. K. Kirk, “Lignin peroxidase of Phanerochaete
chrysosporium,” Methods in Enzymology,vol.161,pp.238–249,
1988.
[14] G. Xu and B. Goodell, “Mechanisms of wood degradation by
brown-rot fungi: chelator-mediated cellulose degradation and
binding of iron by cellulose,” Journal of Biotechnology, vol. 87,
no. 1, pp. 43–57, 2001.
[15] D. Newcombe, A. Paszczynski, W. Gajewska, M. Kr¨ oger, G.
Feis, and R. Crawford, “Production of small molecular weight
catalysts and the mechanism of trinitrotoluene degradation
by several Gloeophyllum species,” Enzyme and Microbial Tech-
nology, vol. 30, no. 4, pp. 506–517, 2002.
[16] C. Mai, W. Schormann, O. Milstein, and A. Huttermann,
“Enhanced stability of laccase in the presence of phenolic
compounds,” Applied Microbiology and Biotechnology, vol. 54,
no. 4, pp. 510–514, 2000.
[17] C. Eggert, U. Temp, J. F. D. Dean, and K. E. L. Eriksson,
“A fungal metabolite mediates degradation of non-phenolic
lignin structures and synthetic lignin by laccase,” FEBS Letters,
vol. 391, no. 1-2, pp. 144–148, 1996.
[18] C. Johannes and A. Majcherczyk, “Natural mediators in the
oxidation of polycyclic aromatic hydrocarbons by laccase me-
diator systems,” Applied and Environmental Microbiology, vol.
66, no. 2, pp. 524–528, 2000.
[19] V. G´ omez-Toribio, A. B. Garc´ ıa-Mart´ ın, M. J. Mart´ ınez, ´ A. T.
Mart´ ınez, and F. Guill´ en, “Enhancing the production of hy-
droxyl radicals by Pleurotus eryngii via quinone redox cycling
for pollutant removal,” Applied and Environmental Microbiol-
ogy, vol. 75, no. 12, pp. 3954–3962, 2009.
[20] V. Arantes and A. M. F. Milagres, “The synergistic action of
ligninolytic enzymes (MnP and Laccase) and Fe3+-reducing
activity from white-rot fungi for degradation of Azure B,” En-
zyme and Microbial Technology, vol. 42, no. 1, pp. 17–22, 2007.
[21] V. Arantes, A. M.F. Milagres, T. R. Filley, and B. Goodell, “Lig-
nocellulosic polysaccharides and lignin degradation by wood
decay fungi: the relevance of nonenzymatic Fenton-based
reactions,” Journal of Industrial Microbiology and Biotechnolo-
gy, vol. 38, no. 4, pp. 541–555, 2011.
[22] D. R. Cabaleiro, S. Rodr´ ıguez, A. Sanrom´ an, and M. A. Longo,
“Characterisationofdeactivatingagentsandtheirinﬂuenceon
the stability of manganese-dependent peroxidase from Phan-
erochaete chrysosporium,” Journal of Chemical Technology and
Biotechnology, vol. 76, no. 8, pp. 867–872, 2001.
[23] C. Srinivasan, T. M. D’Souza, K. Boominathan, and C. A.
Reddy, “Demonstration of laccase in the white rot basidiomy-
cete Phanerochaete chrysosporium BKM-F1767,” Applied and
Environmental Microbiology, vol. 61, no. 12, pp. 4274–4277,
1995.
[24] M.Lorenzo,D.Moldes,S.Rodr´ ıguezCouto,andA.Sanrom´ an,
“Improving laccase production by employing diﬀerent ligno-
cellulosic wastes in submerged cultures of Trametes versicolor,”
Bioresource Technology, vol. 82, no. 2, pp. 109–113, 2002.The Scientiﬁc World Journal 9
[25] D. Moldes, P. P. Gallego, S. Rodr´ ıguez Couto, and A. San-
rom´ an, “Grape seeds: the best lignocellulosic waste to produce
laccasebysolidstateculturesofTrameteshirsuta,” Biotechnolo-
gy Letters, vol. 25, no. 6, pp. 491–495, 2003.
[26] J. Polak and A. Jarosz-Wilkolazka, “Structure/Redox potential
relationshipofsimpleorganiccompoundsaspotentialprecur-
sors of dyes for laccase-mediated transformation,” Biotechno-
logy Progress, vol. 28, no. 1, pp. 93–102, 2012.
[27] A. Khindaria, D. P. Barr, and S. D. Aust, “Oxalate-dependent
reductiveactivityofmanganeseperoxidasefromPhanerochae-
te chrysosporium,” Archives of Biochemistry and Biophysics, vol.
314, no. 2, pp. 301–306, 1994.
[ 2 8 ]D .C .G o o d w i n ,D .P .B a r r ,S .D .A u s t ,a n dT .A .G r o v e r ,
“The role of oxalate in lignin peroxidase-catalyzed reduction:
protection from compound III accumulation,” Archives of Bio-
chemistry and Biophysics, vol. 315, no. 2, pp. 267–272, 1994.
[29] M. Shimada, D. B. Ma, Y. Akamatsu, and T. Hattori, “A
proposed role of oxalic acid in wood decay systems of wood-
rotting basidiomycetes,” FEMS Microbiology Reviews, vol. 13,
no. 2-3, pp. 285–295, 1994.
[30] J. Perez and T. W. Jeﬀries, “Roles of manganese and organic
acid chelators in regulating lignin degradation and biosynthe-
sis of peroxidases by Phanerochaete chrysosporium,” Applied
andEnvironmentalMicrobiology,vol.58,no.8,pp.2402–2409,
1992.
[31] M.Shimada,Y.Akamtsu,T.Tokimatsu,K.Mii,andT.Hattori,
“Possible biochemical roles of oxalic acid as a low molecular
weight compound involved in brown-rot and white-rot wood
decays,” Journal of Biotechnology, vol. 53, no. 2-3, pp. 103–113,
1997.
[32] M.M¨ akel¨ a,S.Galkin,A.Hatakka,andT.Lundell,“Production
oforganicacids andoxalate decarboxylase inlignin-degrading
whiterot fungi,” Enzyme and MicrobialTechnology, vol. 30, no.
4, pp. 542–549, 2002.